[1] Measurements of the compressional wave velocity and the attenuation coefficients of 1-cm cubes were conducted. Samples were taken at various radii and depths beneath a 20 Â 20 Â 15 cm San Marcos granite block, impacted by a lead bullet at a velocity of 1200 m/s. The damage parameters of the cubes are calculated from the measured preimpact and postimpact P wave velocities, V p0 and V p , and the crack density is inverted from the measured P wave velocities. The anisotropic orientation of cracks is more obvious from the attenuation than crack density and damage parameters calculated from the ultrasonic velocity. P wave velocity and the normalized distance from the impact point follow an exponential decay relation. Other properties, such as the damage parameter, crack density, and attenuation coefficient, are expressed by a power law decay with distance. The damage parameter and attenuation coefficients are approximately linearly related. The slope of the linear fitting results in directions normal to the crack orientation is about twice the value in direction along the crack orientation. The attenuation coefficient is found to be a more useful parameter than elastic velocity in describing the anisotropic orientation of cracks. 
Introduction
[2] Shock-induced damage and cracking beneath impact craters has become a focus of attention to those who use craters to study solar system history. Previous studies were conducted on small-scale craters in the laboratory [e.g., Ahrens and Rubin, 1993; Polanskey and Ahrens, 1990] , as well as for large craters in the field, including both the Earth and the Moon [Ackermann et al., 1975; Dvorak and Phillips, 1977; Simmons et al., 1973] . The large-scale compressional wave velocity reduction in rocks beneath these impact craters has been attributed to the existence of cracks. Cracking in rocks can induce significant reduction of the effective elastic moduli of a fractured body, which, in turn, reduces the effective elastic wave velocities, as has been discussed for decades by many researchers both theoretically [Eshelby, 1957; Nur, 1971] and experimentally [e.g., Ahrens and Rubin, 1993; Ai and Ahrens, 2004] .
[3] The damage parameter (D) and crack density (e) are used to describe the intensity of fractures in the damaged body. Numerous theoretical models have been developed to relate the observed elastic velocity behavior to crack density of the cracked body. These models fall into two groups. One group of models assumes the volume concentration of inhomogeneities, such as cracks, cavities or inclusions with other properties in a homogeneous matrix, is small, such that the interaction between these inhomogeneities can be ignored [e.g., Anderson et al., 1974; Hudson, 1990; Kachanov, 1993; Nur, 1971] . Another group of models takes into account the interaction between the inhomogeneities when the volume concentration of inhomogeneities is large [e.g., Berge et al., 1993; O'Connell and Budiansky, 1974] .
[4] The presence of cracks also affects the attenuation properties of the fractured body significantly. Attenuation mechanisms include friction, fluid flow and scattering, of which friction on thin cracks and grain boundaries is the dominant attenuation mechanism for consolidated rocks [Johnston et al., 1979] . At ultrasonic frequencies, when the wavelength is at the same scale as heterogeneities in the rocks, scattering also plays an important role [Tompkins and Christensen, 2001] .
[5] Attenuation phenomena have not yet received much attention by the planetary cratering community because of the difficulty of carrying out systematic attenuation measurements beneath impact craters in the field. Liu and Ahrens [1997] did preliminary work on attenuation beneath impact craters in the laboratory. They studied shock-induced damage in a San Marcos gabbro block and related the measured attenuation to the crack density and damage in the rocks. However, their work only measured the attenuation of the rocks in one direction, and did not take the orientation of the cracks and the propagation direction into account. In reality, the cracks produced by an expanding spherical shockwave within a target block include both concentric/spherical and tensile/radial cracks [Polanskey and Ahrens, 1990] . The combined effect of the heterogeneity of cracks on the attenuation is of interest in this study.
[6] In this work, the postimpact San Marcos granite target has been cut into 1-cm cubes. Compressional velocity as well as attenuation properties have been measured for these cubes using ultrasonic transmission and pulse-echo methods, respectively, in three directions. Section 2 discusses the experimental techniques, including the ultrasonic velocity and attenuation measurement methodology. Experimental results are presented in section 3, followed by the analysis and discussion of the experimental data. The measured stress wave velocities are used to calculate the damage parameter and crack density of the fractured rocks. The measured attenuation parameters are related to the crack information in the rocks.
Experimental Technique
[7] The San Marcos granite used in this study is from Escondido, California. Table 1 summarizes the mineralogical mode as obtained by analytical scanning electron microscopy (SEM) of a thin section. The grain size of quartz and plagioclase is 1 to 2 mm. These are intergrown with amphibole, biotite and opaque phases. On a microscopic scale, the rock is essentially crack-free except for microcracks along grain boundaries. The density of the San Marcos granite is 2.657 g/cm 3 , the intrinsic compressional wave velocity is 6.31 ± 0.1 km/s, and the shear wave velocity is 3.65 ± 0.1 km/s, determined at 5 MHz.
[8] The initial 20 Â 20 Â 15 cm rock target was impacted by a lead bullet at a velocity of 1.2 km/s. The projectile has a radius of 0.3 cm and mass of 3.2 g. A 1-cm-thick center plane slice was cut from the recovered target, then 1-cm aliquots were cut from the plane. We assume that no additional cracks are produced by the cutting procedures. The cube surfaces were polished until the thickness variations of any two parallel surfaces reached ±0.005 mm. The residual water within the samples was largely removed by heating to 110°C for 24 hours within a vacuum furnace.
[9] The pulse transmission method [Weidner, 1987] was used for the ultrasonic velocity measurement. The PZT P wave transducers used were Model 1191, Panametrics, with a central frequency at 5 MHz. The signal was recorded with an oscilloscope (Gould 6500). Panametrics couplant D-12 is used for P wave measurements and alcohol as the couplant remover. The P wave velocity of the sample is given as
where L is the length of the sample, t m is the measured traveltime, and t ini is the initial traveltime measured without the sample between the two transducers. Uncertainty of the traveltime measurement is ±0.02 ms. The calculated velocity has an error of 2% as estimated by the accuracy of the traveltime and length measurements.
[10] The pulse-echo technique described by Winkler and Plona [1982] was used to measure the attenuation coefficient. The transducer/sample assembly is shown schematically in Figure 1 . The compressional wave transducer (Panametrics, Model V1191, central frequency 5 MHz) was placed inside a steel case so as to transmit the surrounding stress. A Panametrics 5052 UA pulser/receiver was used as the transducer's driver. Two Lucite buffers are used for coupling with the sample. The Lucite buffer plates were 1.3 cm in diameter, 0.6 cm in thickness for weak attenuation samples and 0.44 cm in thickness for stronger attenuation samples. The thickness of the buffer plates was chosen to avoid overlapping of the reflected waves from different surfaces. The Panametrics D-12 couplant was put between all the contact surfaces. A constant uniaxial stress load is applied through the position screw to the system to ensure good contact between the transducer/buffer and the buffer/sample surfaces. Stress waves reflected from surface A propagate in the first buffer plate only; waves reflected from surface B propagate through both the first buffer plate and the sample. The ultrasonic signals were recorded using a digital oscilloscope (Gould 6500). The signal was sampled at a period of 4 ns, and the amplitude resolution was 8 bits. Figure 3 shows the typical calculated relative spectral amplitudes.
[11] For a plane wave propagating in a solid medium, the amplitude of stress is given by
where x is propagation distance, w is angular frequency, k is wave number, and t is time. The term of A 0 e Àax represents the attenuation of the amplitude and a is the attenuation coefficient. A possible correction of attenuation due to wave spreading was not considered. According to Winkler and Plona [1982] , a is calculated as follows:
where L is the sample length and A( f ) and B( f ) are the frequency-dependent amplitudes of the pulse reflected from surfaces A and B of the sample, respectively. R is the reflection coefficient for the interface between the coupling buffer and sample, defined as
where C p and r are the P wave velocity and the density of the samples, respectively. Subscript c means the values for the Lucite buffers. In this study, C pc is 2.68 ± 0.02 km/s and r c is 1.19 g/cm 3 .
Experimental Results

Compressional Wave Velocity Measurements
[12] The ultrasonic compressional velocity measurements for the granite cubes were measured in orthogonal directions (Table 2 and Figure 4 ). Unlike the results for the San Marcos gabbro from Ahrens and Rubin [1993] , local seismic anisotropy associated to the major vertical fractures parallel with the specimen edge, or referred as ''side spallation fractures'' by Fujiwara [1980] , is not observed. This is because the impact velocity, 1.2 km/s in our study, is much less than that used in Ahrens and Rubin [1993] for the gabbro shot. The unshocked intrinsic ultrasonic velocity value far from the crater center section is 6.4 ± 0.2 km/s for all the three directions (Figure 4 ). Beneath the center of the crater, the intrinsic velocity value is reached at a depth of 6 cm in the x direction; whereas for the z direction, which is the impact direction and contains the planar radial cracks beneath the crater, the intrinsic velocity is reached at $4 cm. This phenomenon is more obvious in Figure 5 . At a depth of 4.5 cm in the sample, the P wave velocity in the x direction is consistently lower than that in the z direction within the region near the crater center line. The P wave velocity approaches unshocked values at $5.5 cm radial distance from the center line for all the three directions.
[13] Figure 6 shows the velocity measurements in all the three directions versus radial distance from the impact point, r (r = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi x2 þ z2 p ). The relation between the P wave velocity and the radial distance, normalized by the radius of the projectile, 0.3 cm for this shot, is found to follow an exponential decay relation:
[14] The ultrasonic P wave velocity increase to its unshocked value at r/r 0 equals 20, or, the radial distance $6 cm. This is in good agreement with the observation of the limit of radial cracking that may be seen in the cross section after cutting the target open (Figure 7 ).
Attenuation Measurements
[15] Compressional wave attenuation coefficients are all calculated at a frequency of 4.5 MHz, the central peak of the reflected wave from surface A (Figure 3 ) using equations (3)-(4). The accuracy of calculating a p using this pulseecho method is estimated to be ±0.05 dB/cm [Wepfer and Christensen, 1990] . Figure 8 shows the relation between the attenuation coefficients versus the normalized radial dis- tance from the impact point. Nonlinear least squares fit of these data with the radial distance from the impact point follows a power decay law: 
[16] The residuals (R 2 ) of the fittings are 0.56, 0.39, and 0.35, respectively. The scattering of the data is possibly caused by the coupling between the transducer and the sample surfaces, the heterogeneity of the rock samples, the limitation of the method itself, or a combination of all these reasons. Future steps should put emphasis on how to reduce the uncertainty of the measurement. However, although the data are scattered, the general trend indicates that the attenuation coefficients decrease with the increasing radial distance from the impact point. The attenuation coefficients in the x and y directions are similar to but different from those in the z direction. It is obvious from both the equations and Figure 8 that at the same distance from the impact point, attenuation parameters in the z direction are smaller than those in x and y directions. Therefore the amplitude of the compressional wave in the z direction attenuates less than those in the directions normal to the orientation of tensile cracks. This is because tensile cracks extend mostly in the z direction, and the effect of cracks on the amplitude of the ultrasonic wave is larger in directions normal to the orientation of the cracks, which are in the x and y directions, than that in the direction along crack orientation.
Analysis and Discussion
[17] For hypervelocity impact into brittle materials, both concentric/spherical and radial/tensile cracks are produced [Polanskey and Ahrens, 1990, Figure 5] . The radial cracks propagate further than the concentric cracks. This is because radial cracks are produced when the tensile stress in the elastic regime is greater than the tensile strength of the material, which is usually smaller, by a factor of ten, than the compressive strength. The compressional wave velocity is reduced substantially by cracks oriented with planes normal to the wave propagation direction [Anderson et al., 1974; O'Connell and Budiansky, 1974] . In Figure 9 , the plane of cracks extends in the z direction. The velocity of the compressional wave propagating in the x direction is reduced more than that propagating in the z direction. Therefore the reduction of the measured compressional wave velocity in the x direction by the tensile cracks is expected to be higher than that in the other two directions, which agrees with our results (Figures 4 and 5) .
[18] The fracture of a cracked media can be described by two rather different but ultimately related parameters: (1) damage parameter, D, used by Grady and Kipp [1987] and Ahrens and Rubin [1993] , defined as
where V and V 0 are the effective and intrinsic velocity of the fractured body, respectively; and (2) crack density, e, expressed as
where N is the number of cracks per unit volume and ha 3 i is the average of the cube of the crack radii [e.g., Kachanov, 1993; O'Connell and Budiansky, 1974; Wepfer and Christensen, 1990] .
[19] The two parameters are closely related. To relate fracture to material strength reduction, Ashby and Sammis Figure 5 . P wave velocities as a function of distance from z axis in x, y, and z directions at 4.5 cm depth below surface. [1990] give damage in a body with inclined cracks of length 2a by
where a is a geometric constant. It is obvious that this is the same concept as the crack density comparing equations (8) and (9). In this study, definition of damage parameter in equation (7) is used, since it is directly related to our velocity measurements.
[20] From the measured compressional wave velocity of the samples, D p is calculated from equation (7). Figure 10 shows the damage parameter versus the normalized radial distance from the impact point for the three orthogonal directions. The data are fitted by a power decay law function: [21] The residuals (R 2 ) of the fittings are 0.58, 0.57 and 0.44 respectively. The damage parameters in all the three directions decay with distance from the impact point. Anisotropy is not very obvious from the damage parameter calculation.
[22] As mentioned before, the observed elastic velocity behavior of a rock is a function of the intrinsic elastic velocity, the matrix and fluid properties, the crack density (e), the geometry of cracks and the interactions between them. In other words, crack density can be inferred from the observed elastic velocity provided the rest of parameters are known. Next we will use the theory of O'Connell and Budiansky [1974] to calculate the crack density using the measured compressional velocity. Usually the solution based on this type of model often does not correspond to experimental data for materials with a large contrast in component properties [Levin and Markvo, 2005] . Also, according to this model, the shear modulus becomes zero when the crack density is higher than a certain value. However, unlike another type of model [e.g., Kachanov, 1993] , the model of O'Connell and Budiansky [1974] takes into account the interaction between cracks, which is important for rocks. Therefore the model of O'Connell and Budiansky [1974] is preferred for our study.
[23] Figure 11 shows the calculated crack density by using the model of O'Connell and Budiansky [1974] versus the normalized radial distance from the impact point for the three orthogonal directions. Similarly, the crack density decreases exponentially with the distance for all the three directions: [24] Again, the scattering of these data is caused by the same reason mentioned in section 3.2. Direct measurement of the crack damage using microscope will be carried out in the near future. The measurement can be compared with the calculated value here. This will be very useful to test the validity of the theocratical model of O'Connell and Budiansky [1974] .
[25] Now we have both the damage parameter and the attenuation coefficient for the samples, it is interesting to explore the correlation between the two parameters. Figure 12 shows the dependence of attenuation coefficient on the damage parameter for the cubes measured in the three directions. The attenuation coefficients increase with [26] Unit of a is decibels per centimeter. The intercepts of these equations represent the intrinsic values of the attenuation coefficients of the samples when there is no shockinduced damage (D equals zero). The values for the three directions are very close (5.66 to 5.97). However, the slope of the equation for the z direction is only about half of the values of the x and y directions. This means that for the same damage parameter obtained from the measured P wave velocity, the attenuation coefficient in the z direction is smaller than the values in x and y directions. The tensile cracks propagating in the impact direction have a larger effect on the attenuation coefficients in directions perpendicular to it. Therefore the attenuation coefficient is a more useful parameter than the wave velocity in describing the anisotropic orientation of cracks.
Concluding Remarks
[27] The 1-cm cubes have been cut from a San Marcos granite target block recovered from an impact cratering experiment. Both compressional wave velocity and attenuation measurements were conducted on these cubes in three orthogonal directions. The damage parameter has been calculated from the measured P wave velocity. The theory of O'Connell and Budiansky [1974] was used to calculate the crack density of the cracked media from the measured velocity. The main conclusions obtained from this study are as follows:
[28] 1. Anisotropy is observed from the ultrasonic velocity and attenuation measurement, but it is not very obvious from the calculated damage parameter and crack density.
[29] 2. The measured P wave velocity and the normalized radial distance from the impact point follow an exponential decay relation, shown in equation (5).
[30] 3. The change of rock properties (D, e, a) beyond the shock pressure regime 1 with the normalized radial distance from the impact point can be expressed by [31] 4. Attenuation coefficient is a more useful parameter than elastic velocity in studying the anisotropic orientation of cracks. From equation (12), the slope of the linear relation of attenuation coefficient versus damage parameter in the x and y directions is about twice that of the value in z direction.
